Phytophthora parasitica is an important oomycete that causes disease in a variety of plants, dimethomorph fungicides being specific for oomycetes. The aim of this study was to use RNA-seq to rapidly discover the mechanism by which dimethomorph acts in the treatment of P. parasitica. We found that the expression of 832 genes changed significantly after the dimethomorph treatment, including 365 up-regulated genes and 467 down-regulated genes. According to the Gene Ontology (GO) enrichment analysis, pathway enrichment and verification test results, the following conclusions are obtained: (i) the treatment of P. parasitica with dimethomorph causes changes in the expression levels of genes associated with the cell wall and cell wall synthesis; (ii) dimethomorph treatment results in reduced permeability of the cell membrane and changes in the expression of certain transport-related proteins; (iii) dimethomorph treatment increased reactive oxygen species and reduced the expression of genes related to the control of oxidative stress. BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Phytophthora parasitica is a model oomycete plant pathogen 15 . Phytophthora represents a large group of devastating oomycete pathogens that causes important diseases in a wide variety of plant species, including potato, tomato, soybean, and valuable forest Trees 5, 12 . These oomycete pathogens are a great threat to agricultural production and natural ecosystems 9, 10 . For example, Pytophthora infestans causes late blight in potato and tomato, which resulted in the Irish famine in the 1840s and remains an uncontrollable disease 6 .
The cell wall of P. parasitica mainly consists of 1-3-␤-D glucans, 1-6-beta-d-glucans and cellulose 2 , though the cell wall in fungi is primarily composed of chitin 13 . Most fungicides target chitin and sterol synthesis and are ineffective in controlling oomycete diseases. As the unique features of oomycetes and notably of Phytophthora confer insensitivity to most fungicides, a specific agent for control is required.
The carboxylic acid amide (CAA) fungicide dimethomorph is currently used to control P. parasitica var. nicotianae, P. infestans and Plasmopara viticola in China and remains an effective fungicide in controlling diseases caused by P. parasitica var. nicotianae 21 .
According to wide-ranging investigations and mode of action studies, these agents have no effect on the respiration of pathogens and the biosynthesis of lipids, proteins and nucleic acids 7, 10 . According to microscopic and ultrastructural studies investigating the destruction of the mycelial cell endometrial structure, dimethomorph may interfere with the formation of the cell wall of the pathogen 17 .
Although only a few reports regarding the mode of action of dimethomorph are available, based on physiological and biochemical studies, we can investigate this topic using transcriptomics. Thus, we employed the P. nicotianae genome as a reference for a transcriptional study using Illumina RNA-seq 1, 11 . We compared the transcriptional abundance between the control group and the processing group. This study provided new physiological insights into the mechanism of action of CAAs and provides a comprehensive illustration of the mechanism by which P. parasitica responds to the CAA-induced stress environment.
Methods and materials
Strain growth and processing conditions P. parasitica was obtained from the Tobacco Research Institute of the Chinese Academy of Agricultural Sciences (Qingdao, China), stored at 4 • C and kept in the dark. In the dark, the experimental group (dimethomorph-treated) was exposed to 1.44 mg/l (lethal concentration 50, EC50) of dimethomorph in oat medium. P. parasitica grew over the entire Petri dish on the sixth day at 28 • C and was used as the initial experimental material. At the same time, the control group (control) was grown in a normal environment without pesticides and kept in the dark for six days. Then, the mycelia were collected. Three biological repetitions per treatment of dimethomorph-treated and control were performed.
RNA extraction, library construction, and sequencing
Total RNA was extracted with a Qiagen RNeasy Midi Kit using shredder columns from a Qiagen Plant RNeasy Kit following the manufacturer's instructions. Genomic DNA was removed using an on-column digestion with DNase (Qiagen) at twice the concentration recommended by the manufacturer. The concentration of the total RNA was determined by spectrometry. Treatments and controls were repeated three times per group.
After extracting the total RNA, the eukaryotic mRNA was enriched by using oligo(dT) beads. Then, the enriched mRNA was fragmented into short fragments using a fragmentation buffer and reverse transcribed into cDNA using random primers. Then, the buffer, dNTPs, RNAse H and DNA polymerase I were added to synthesize the second-strand of cDNA. The cDNA fragments were purified with the QiaQuick PCR extraction kit and end repaired, poly(A) was added, and the fragments were ligated to Illumina sequencing adapters. The size of the ligation products was detected using agarose gel electrophoresis, and the products were PCR amplified and sequenced using Illumina HiSeq TM 2000 by Gene Denovo Biotechnology Co. (Guangzhou, China). The RNA-Seq data have been deposited in the NCBI Sequence (Short) Read Archive database with the SRA accession number SRP117995.
Read alignment of gene expression levels
The reads obtained from the sequencing included raw reads containing adapters or low-quality bases that would affect the subsequent assembly and analysis. Thus, to obtain highquality clean reads, raw reads of FASTQ format were first processed through in-house Perl scripts, as follows: (1) reads containing adapters were removed; (2) reads containing more than 10% of unknown nucleotides (N) were removed; and (3) low-quality reads containing more than 50% of low quality (Q-value ≤ 10) bases were removed.
Analysis of differentially expressed genes (DEGs)
The edgeR package (http://www.r-project.org/) was used to identify the differentially expressed genes across the samples or groups. Genes with a fold change ≥2 and a false discovery rate (FDR) <0.05 were considered significant DEGs. The DEGs were then subjected to Gene Ontology (GO) functions and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. (1) GO functional annotations of unigenes were obtained from Nr annotation results. GO annotations of unigenes were analyzed using the Blast2GO software. 4 Functional classification of unigenes was performed using WEGO software 24 . (2) Unigenes were aligned by BLASTx (evalue <0.00001) to protein databases in KEGG.
Quantitative real-time PCR (qRT-PCR) validations
Several differentially expressed genes were selected for qPCR analysis to determine whether the gene expression was consistent between the RNA-seq and qRT-PCR analyses. Total RNA was isolated using the TRIzol reagent according to the manufacturer's protocol, and the RNA was used for cDNA synthesis using reverse transcriptase. The S3a gene of P. parasitica was used as a housekeeping gene 8 . The 7500 Fast Real-time PCR System (Applied Biosystems, Foster, USA) was used to perform the thermocycling and record the changes in fluorescence. The quantification of each transcript was repeated using the total RNA as the starting material, qPCR runs were conducted using three technical replicates for each sample. The primers are listed in Table 1 .
Detection of 1-3-␤-D glucans content
We used the ELISA kit (Shanghai Jianglai's biological) to measure the content of 1-3-␤-D glucans. The solid-phase antibody was prepared by coating the microtiter plate with purified 1-3-␤-D glucans antibody. Samples were added to the microwells of the coated monoclonal antibody, and 1-3-␤-D glucans were combined with specific antibodies (horseradish peroxidase-labeled, HRP-labeled). After thorough washing, 3,3 ,5,5-tetramethylbenzidine (TMB) substrate was added to develop color. TMB was converted to blue under the catalysis of the HRP enzyme, finally turned yellow under the action of acid. The depth of color was positively correlated with 1-3-␤-D glucans in the sample. The absorbance (OD) was measured with a microplate reader at a wavelength of 450 nm, and the concentration of 1-3-␤-D glucans in the sample was calculated from a standard curve.
Detection of reactive oxygen species
The preparation of protoplasts is required for reactive oxygen detection; however, dimethomorph may interfere with the formation of the cell wall of the pathogen. Accordingly, this method cannot be used. ROS production was determined using a Reactive Oxygen Species Assay Kit (Beyotime). Briefly, after 6 d in normal culture, mycelium was collected and washed twice in warm PBS. Next, mycelium was added to medium containing 1.44 mg/l dimethomorph and pesticide-free medium for 1 h, followed by an incubation in prewarmed DCFH-DA at 37 • C for 20 min. Following two washes with PBS, reactive oxygen species in mycelium were measured at 488 nm/525 nm (excitation/emission) with a laser scanning confocal microscope (Leica).
Results

Data processing and analysis
Using the Illumina sequencing platform, the clean reads were harvested (data not shown) after performing quality control and filtering the data. In the following figures and tables in this paper, CK and HJ represent the control group, and the dimethomorph-treated group, respectively. After removing the contaminated and low-quality sequences ( Table 2) , all reads were mapped to the published genome, which contains 16 903 genes. In total, 16 867 and 16 888 genes were mapped for control and dimethomorphtreated groups, respectively. Unigenes represented by at least one mapped read were included in the subsequent analyses. The number of genes expressed in control and dimethomorph-treated accounted for 99.69%---99.81% of the total number of reference genes.
DEGs
To identify differentially expressed genes across dimethomorph-treated and control groups, the edgeR a Total number of differentially expressed genes (header figures), the number of differential genes annotated to a GO term, and the total number of differential gene percentages. b Total number of all genes (header figures), the number of genes annotated to a GO term, and the percentage of total genes. package (http://www.r-project.org/) was used. Based on comparison, we identified genes with a fold change ≥2 and a false discovery rate (FDR) <0.05 as significant DEGs. We found that the expression of 832 genes changed significantly after dimethomorph treatment, including 365 up-regulated genes and 467 down-regulated genes ( Supplementary  Table 1 ).
GO analysis of DEGs
Gene Ontology is a standardized system used for the functional classification of genes according to the 3 domains of biological process, cellular components, and molecular functions. To determine the functions of the differentially expressed genes in this study, all DEGs were annotated to the
Figure 1
Inter-group difference enrichment analysis GO classification chart summary under dimethomorph treatment. The abscissa is the GO term, and the ordinate is the number of differential genes up-or down-counted. The histograms are based on three categories of biological processes, cellular components, and molecular functions, as well as up-and-down classification of differential genes. terms in the GO database. Of the DEGs that were annotated in the GO database, 131 DEGs were annotated in cellular components, 320 DEGs were annotated in molecular functions and 300 DEGs were annotated in biological processes. Of the 5 cellular components identified, the intrinsic component of the membrane (GO:0031224), the membrane (GO:0016020) and the membrane part (GO:0044425) were significantly enriched. Their proportions of total genes were 39.11%, 43.93% and 41.47%, respectively. Of the 17 molecular functions identified, transporter activity (GO:0005215), phosphate ion transmembrane transporter activity (GO:0015114) and oxidoreductase activity(GO:0016491) were significantly enriched, with total gene proportions of 7.46%, 0.04% and 5.8%, respectively. Of the 13 biological processes identified, multi-organism processes (GO:0051704), phosphate ion transport (GO:006817) and single-organism processes (GO:0044699); the number of these GO genes accounted for 1.05%, 0.05% and 44.42%, respectively, of the total genes (Table 3 ). These processes may be related to the treatment of P. parasitica with dimethomorph ( Fig. 1 ).
KEGG analysis of DEGs
A KEGG pathway enrichment analysis was also performed to elucidate the interaction among dimethomorph-mediated pathways in stress responses. The DEGs in P. parasitica were matched to 70 different KEGG pathways. The most significantly altered pathways included starch and sucrose metabolism, tyrosine metabolism and riboflavin metabolism ( Table 4 , Fig. 2 ).
qRT-PCR validation
A qRT-PCR analysis was performed to validate the RNA-seq data of 11 genes (5 up-regulated and 6 down-regulated). As shown in Figure 3 , the qRT-PCR data correlated well with the RNA-seq data (R 2 = 0.7498). Overall, the qRT-PCR data showed patterns that were similar to those obtained from the RNA-seq of these genes, although the particular values of the fold-change were different.
Detection of 1-3-beta-d-glucans content
In the determination of 1-3-beta-d-glucans using the ELISA test kit, we found that the content of 1-3-␤-D glucans in P. parasitica decreased from 4.86 ± 0.22 pg/ml to 3.77 ± 0.49 pg/ml after treatment of dimethomorph (F = 12.13 > F crit 0.05 = 7.708647), The expression level of 1-3-␤-D glucans changed significantly. 
ROS content under different treatments
P. parasitica ROS levels after dimethomorph treatment for 1 h were much higher than those before treatment. Based on active oxygen area calculation, ROS levels increased up to 58% in response to dimethomorph treatment. In the normal growth environment, ROS levels were only 5% ( Fig. 4 ).
Discussion
In this study, we analyzed the differential gene expression of P. parasitica after the exposure to a pesticide or under normal culture conditions. We found that 832 genes were significantly altered after the treatment with the acid morpholine, including 365 genes that were up-regulated and 467 genes that were down-regulated. Notably, GO and KEGG analyses of DEGs revealed significant differences, indicating that CAA has an impact on pathogens. The effects of dimethomorph were systemic. Dimethomorph affects the formation of cellular and organelle membranes (the intrinsic components of the membranes, membrane parts), cell ion transport and transport protein formation (transporter activity, phosphate ion transmembrane transporter activity, phosphate ion transport) and affects the transport of exogenous substances (multiorganism process, single-organism process, oxidoreductase activity) 4, 14 . 
The cell wall and cell membrane are targeted by the CAA treatment
In this report, the RNA-seq results showed an altered expression of certain key genes in the cell membranes and cell walls that were strongly affected by dimethomorph. According to previous studies, the oomycete cell wall consists mainly of 1-3-␤-D glucans and certain 1-4-␤-D glucans and 1-6-␤-D glucans 7, 17 .
The results of RNA-seq show that dimethomorph affects the synthesis of sugars involved in cell wall formation and the synthesis of cell membrane-associated proteins. Expression of 1,3-beta-glucan synthase (K00706), pectin esterase (K01051), glucan 1,3-beta-glucosidase (K01210) and beta-dxyloidine 4 (K15920) was reduced (Supplementary Table 3 , Supplementary Fig. 1 ). By the ELISA experiment, it was demonstrated that the treatment of dimethomorph had an effect on the formation of cell walls.
The cell wall structure is highly dynamic. The shape of the cell is strongly influenced by plasticity of the cell wall. Upon deposition, the cell wall polymers are integrated into existing structures and undergo extensive remodeling during cell expansion. These modifications involve a wide array of cell wall-modifying enzymes, such as the expansins, endoglucanases, polygalacturonases, peroxidases and various glycosidases that are localized to the cell wall or anchored in the plasma membrane of the cells. Several of these proteins have been identified in the cell walls of oomycetes 3, 14 .
Change in cell membrane structure and permeability
The fluid mosaic model is a hypothesis model of membrane structure. In this model, the proteins integral to the membrane include a heterogeneous set of globular molecules, each of which is arranged in an amphipathic structure with the ionic and highly polar groups protruding from the membrane into the aqueous phase and the nonpolar groups largely buried in the hydrophobic interior of the membrane 20 . Therefore, the structure and transport function of cell membranes are related to membrane proteins. Using RNA-seq, we showed changes in expression levels of several cell membrane structural proteins and transportrelated proteins.
We obtained three cell membranes GO term through GO enrichment analysis, ''membrane'' (GO:0016020), ''intrinsic component of membrane'' (GO:0031224), and ''external encapsulating structure'' (GO:0030312). The last (GO: 0030312) is a term at a most detailed level, indicating that dimethomorph may affect cell membrane structural proteins ( Supplementary Fig. 2) .
The change in protein transport and transmembrane transport was that ''proteins related to phosphate transport'' were involved in ''phosphate ion transmembrane transporter activity'' (GO:0015114), ''anion transmembrane transporter activity'' (GO:0008509), ''transmembrane transporter activity'' (GO:0022857), ''organic acid transmembrane transporter activity'' (GO:0005342), and ''organic anion transmembrane transporter activity'' (GO:0008514). These changes affect the transport function of the cell membrane ( Supplementary  Fig. 3 ).
Increased reactive oxygen content
The production of reactive oxygen species (ROS) is an unavoidable consequence of aerobic metabolism. ROS include free radicals, such as superoxide anion (O 2 • − ) and hydroxyl radical (•OH), and non-radical molecules, such as hydrogen peroxide (H 2 O 2 ) and singlet oxygen (O 2 ). The stepwise reduction in molecular oxygen (O 2 ) due to highenergy exposure or electron-transfer reactions leads to the production of ROS 19 . Environmental stresses, such as drought, salinity, chilling, metal toxicity, UV-B radiation, and pathogen attacks, lead to the enhanced generation of ROS due to the disruption of cellular homeostasis 18, 22 . All ROS are extremely harmful to organisms at high concentrations.
When the level of ROS exceeds the defence mechanisms, a cell is considered in a state of ''oxidative stress.'' The enhanced production of ROS during environmental stress can pose a threat to cells by causing peroxidation of lipids, oxidation of proteins, damage to nucleic acids, enzyme inhibition, and activation of programmed cell death (PCD) pathway, ultimately leading to the death of cells 16, 23 .
Dimethomorph is a type of environmental stress that can cause damage to the cell membrane. These injuries may substantially increase ROS. The oxidoreductase activity (GO:0016491), antioxidant activity (GO:0016209), and hydrogen peroxide metabolic processes (GO:0042743) were reduced, and all three ways reduced the control of ROS reduction. According to our experiments, dimethomorph treatment induced significant accumulation of ROS, which may cause apoptosis of P. parasitica.
Conclusions
In summary, we reported the effects of dimethomorph on P. parasitica using a dataset generated by de novo assembly of next generation sequencing data. These findings are valuable resources for future P. parasitica genomic studies and will also benefit researchers who study other closely related species of significant agricultural importance. The differentially expressed gene dataset will also provide useful candidate genes for the functional analysis of dimethomorph for the control of P. parasitica.
